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SUMMARY 

An experimental  i n v e s t i g a t i o n  examined the effect  of low-veloci ty  impact 
on the strength of lamina tes  fabricated from graphite,'epoxy and Kevlar l  49/epoxy 
composite materials. The test lamina tes  were loaded s t a t i c a l l y  e i t h e r  i t 1  uni-  
axial t ens ion  or compression when impact occur red  t o  e v a l u a t e  t h e  effect of 
loading on the i n i t i a t i o n  of damage and/or  f a i l u r e .  Typ ica l  aircraft s e r v i c e  
c o n d i t i o n s  such as runway d e b r i s  encountered du r ing  landing  were s imula ted  by 
impacting 1.27-cm-diameter p r o j e c t i l e s  normal to  the plane of the test l amina te s  
at v e l o c i t i e s  between 5.2 and 48.8 m / s .  

Resu l t s  of t h i s  i n v e s t i g a t i o n  i n d i c a t e  t h a t  low-velocity impact a t  energy 
l e v e l s  below that necessary  t o  create v i s i b l e  s u r f a c e  damage i n i t i a t e d  cata- 
strophic faililres in  a l l  test lamina tes  loaded i n  either t ens ion  or compression. 
Reductions i n  compression strength due t o  impact were greater for some l amina te s  
than reduc t ions  i n  t e n s i l e  s t r e n g t h .  
form g r a p h i t e  hybr ids  d i d  improve the impact s t r e n g t h  of some lamina te s  loaded 
i n  compression; however, there was no improvement i n  the impact s t r e n g t h  of 
hybr ids  loaded i n  t ens ion .  

The u s e  of materials such as Kevlar  49 t o  

INTRODUCTION 

Tolerance  t o  low-veloci ty  impact damage should be cons idered  i n  t he  evalua-  
t i o n  of advanced composite s t r u c t u r e s  designed for aircraft  a p p l i c a t i o n s .  T e s t  
r e s u l t s  r epor t ed  i n  r e f e r e n c e s  1 and 2 show t h a t :  
impacts can i n i t i a t e  s t r u c t u r a l  failures i n  both tens ion-  and compression- 
stressed composite lamina tes ;  and (2) v i s u a l  obse rva t ions  are inadequate  t o  iden-  
ti0 impac t - in i t i a t ed  damage which can s i g n i f i c a n t l y  degrade s t r u c t u r a l  proper- 
ties. 
s t ack ing  sequences,  and th i cknesses ;  and, t h e r e f o r e ,  conc lus ions  of a g e n e r a l  
na tu re  cannot  be drawn from t h e  r e s u l t s .  

( 1 )  low-veloci ty  p r o j e c t i l e  

These test specimens were of  a l imi ted  number of lamina o r i e n t a t i o n s ,  

The purpose of  t h e  p r e s e n t  paper is t o  expand the l imited d a t a  base con- 
t a ined  I.n r e f e r e n c e  2 by examining a number of  lamina tes  t h a t  are r e p r e s e n t a t i v e  
of' t he  type  proposed f o r  secondary aircraft s t r u c t u r e s .  A l l  l amina te s  were 
tested us ing  convent iona l  four-point  beam-bending sandwich specimens wi th  
graphi te /epoxy and/or  Kevlar 49/epoxy face sheets. 
loaded s ta t ica l ly  either i n  u n i a x i a l  t ens ion  o r  compression when impact occur red .  
Some specimens failed c a t a s t r o p h i c a l l y  a t  t h e  i n s t a n t  o f  impact ,  some d i d  n o t .  
Specimens which d i d  no t  f a i l  c a t a s t r o p h i c a l l y ,  however, had some l o c a l  damage 
and were subsequent ly  s ta t ical ly  tested t o  e v a l u a t e  t h e  effect o f  local damage 
on r e s i d u a l  strength. The impact p r o j e c t i l e s  used i n  t h i s  i n v e s t i g a t i o n  were 
1.27-cm-diameter sphe res ,  and impact v e l o c i t i e s  ranged from 5.2 t o  48.8 m / s .  
These choices  s imula t e  t y p i c a l  impact c o n d i t i o n s  involv ing  runway d e b r i s  
encountered during aircraft  ope ra t ion .  

A l l  l amina te  specimens were 

~ ~~~~~ ~ ~ ~ ~ ~~ 

Kevlar: Trade name of E. I. duPont de Nemours & Co., Inc.  



I d e n t i f i c a t i o n  of commercial p roduc t s  i n  t h i s  r e p o r t  is used to  describe 
adequately t h e  test materials. The i d e n t i f i c a t i o n  of these commercial p roduc t s  
does no t  c o n s t i t u t e  o f f ic ia l  endorsement, expressed o r  implied,  of such p roduc t s  
by t h e  National Aeronaut ics  and Space Adminis t ra t ion.  

SYMBOLS 

P s t a t i c  load p r i o r  to  impact 

P u l t  ave rage  u l t i m a t e  load o f  undamaged test specimens 

6 s t r a i n  

MATERIALS AND SPECIMENS 

Materia 1s 

The materials used to  fabricate test specimens were h igh- s t r eng th  g r a p h i t e  
fibers and/or Kevlar 49 fibers in  a 450K-cure commercially a v a i l a b l e  epoxy r e s i n .  
These m i t e r i a l s  were used i n  both woven fabrics and u n i d i r e c t i o n a l  fiber t a p e s .  
Typical  p r o p e r t i e s  o f  these m a t e r i a l s  are g iven  i n  table I. A l l  materials were 
supp l i ed  i n  pre-impregnated form and processed according t o  t h e  manufacturer ' s  
recommendations. These materials were selected because they have r ece ived  wide- 
spread usage and an a c c e p t a b l e  d a t a  base of p r o p e r t i e s  is a v a i l a b l e .  I n  addi- 
t i o n ,  the material p r o p e r t i e s  of this graphi te /epoxy system are r e p r e s e n t a t i v e  
of  a class o f  commercially a v a i l a b l e  graphi te /epoxy materials. 

Specimens 

Sandwich beams such as t h e  one shown i n  f i g u r e  1 were tested i n  t h i s  inves-  
t i g a t i o n .  
1amir.ate on one face and a 0.32-cm-thick steel  p l a t e  on t h e  o p p o s i t e  face. The 
test l amina te s  were supported on 2.5-cm-thick honeycomb core.  
were loaded i n  four-point  beam bending i n  order to  get a uniform i n p l a n e  stress 
f i e l d  i n  a test area 7.6 by 7.6 cm i n  t h e  c e n t e r  of t h e  specimen. Two t y p e s  of 
c o r e ,  both of  which had 0.32-cm ce l l  size,  were used i n  t h e  impact area and they  
are i n d i c a t e d  i n  table I1 along with the face-sheet  materials and lamina o r i en -  
t a t i o n .  
s t r u c t u r a l  a p p l i c a t i o n s  wi th  t h e  g iven  test face sheet. 
s e c t i o n  a dense aluminum c o r e  was used where high shear loads occur  i n  t h e  beam. 

The specimens were 55.9 crn long by 7.6 cm wide and had a composite 

Test specimens 

The c o r e  materials were selected because they are commonly used i n  
Outboard from the  c e n t e r  

The t'ace-sheet l amina te s  were c u t  from l a r g e  pane l s  which were cured accord- 
Following c u r e  t h e  p a n e l s  were ing to the  manufacturer ' s  recommended c u r e  c y c l e .  

i n spec ted  u s i n g  an u l t r a s o n i c  scanning technique,  c u t  to  size, and bonded to  t h e  
honeycomb wi th  a 395K-cure sheet adhes ive .  

Sandwich beams were selected for test  i n  t h i s  i n v e s t i g a t i o n  f o r  two r easons .  
First, many secondary components on commercial t r a n s p o r t s  are of sandwich con- 
s t r u c t i o n ;  t h e r e f o r e ,  r e s u l t s  of t h i s  i n v e s t i g a t i o n  should be a p p l i c a b l e  d i r e c t l y  
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to the desigF of such s t r u c t u r e s .  Second, these beams have high bending st iff-  
ness  which e l imina te s  the need t o  i n v e s t i g a t e  t h e  effect of specimen-impact load 
i n t e r a c t i o n s  which occur with large thin-gage panels  supported a t  t h e  boundary. 
Therefore, tests on these specimens should be r ep resen ta t ive  of the  worst-case 
design condi t ion  for composite lam: iates which may be subjec ted  to  impact damage. 

APPARRTUS AhiD TESTS 

Apparatus 

The appara tus  used to propel the impact projectile is shown i n  schematic 
Air is introduced slowly i n t o  the r e s e r v o i r  u n t i l  t h e  dia- 

A v e l o c i t y  detector is l oca t ed  near  the end 

form i n  f i g u r e  2 .  
phragaI ruptures .  
aluminum ball toward the target. 
of t h e  barrel. 
beams a t  two loca t ions ,  which triggers e l e c t r o n i c  timing equipment to record 
the  t l a v e l  time between t h e  beams. The ve loc i ty  measuring appara tus  is accu- 
rate to  wi th in  k 3  percent .  

The a i r  escapes through a metering orifice and propels t h e  

A s  t he  p r o j e c t i l e  passes through this area it i n t e r r u p t s  light 

Static loads  were appl ied to  the test specimens w i t h  t he  loading  frame 
shown i n  figure 3. The specimen is loaded i n  t h e  frame through a whiffletree 
arrangement connected to a screw jack in the rear. The l o a d s  on t he  beam are 
reacted by two support  bars loca ted  near  the end of t h e  frame. 
and r eac t ion  suppor ts  are parallel and can p ivot  f r e e l y  to  a l l e v i a t e  extraneous 
inp lane  loads which might be imposed as t h e  specimen bends. 
measure the appl ied load was incorporated i n t o  t h e  frame. The arrangement shown 
i n  f igu re  3 was used f o r  compression testing; however, t h e  same frame was also 
used i n  a s l i g h t l y  modified manner for t e n s i l e  testing. 

Both loading  

A load cell t o  

Tests 

Tests were conducted to  determine t h e  effect o f  p r o j e c t i l e  impact and load 
on laminate s t rength .  The sandwich-beam specimens were mounted in t he  frame 
and loaded to  a f r a c t i o n  of the  predetermined u l t ima te  load. A t  t h a t  load the  
specimens were subjected to impact by a 1.27-cm-diameter spherical projectile. 
Specimens were tested under both tens ion  and compression loading. 
mens failed catastrophically upon impact w h i l e  others incur red  only  local damage. 
The panels  wi th  local damage were then s t a t i c a l l y  loaded t o  determine r e s i d u a l  
strength. 

Some spec- 

The impact p r o j e c t i l e  and ve loc i ty  range (5.2 t o  48.8 m/sec) were selected 
t o  s imulate  rock o r  hai ls tone-type damage. 
commercial a i r c r a f t  are subjected to damage by rock and runway d e b r i s  t h a t  is 
kicked up by t ires and reverse  t h r u s t e r s .  For tests i n  t h e  v e l o c i t y  range of 
15.9 t o  48.8 m/s (0.37 t o  3.5 J) 1.27-cm-diameter aluminum spheres w i t h  a mass 
of 2.9 grams were used  as t h e  impact p r o j e c t i l e .  
projectile material because it has  about t h e  same dens i ty  as common rock mate- 
r ia ls .  For impacts a t  v e l o c i t i e s  lower than 15.9 m/s, a 1.27-cm-diameter steel 
projecti le was dropped on the  test specimens. A l l  impacts were a t  normal 
incidence.  

Rock damage is of  i n t e r e s t  because 

Aluminum was chosen as t h e  
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RESULTS AND DISCUSSION 

Tension-Loaded Laminates 

The effect of low-veloci ty  p r o j e c t i l e  impact on the  strength of [O/gO]s 
graphi te /epoxy l amina te s  loaded i n  t e n s i o n  is shown i n  f i g u r e  4. 
is the s t a t i c  load 
average  u l t i m a t e  l o a d  P u l t  of s e v e r a l  undamaged test specimens. The abscissa 
is the i n c i d e n t  k i n e t i c  energy of the 1.27-cm-diameter p r o j e c t i l e .  I n c i d e n t  
k i n e t i c  energy has been shown i n  r e f e r e n c e  1 t o  provide  good c o r r e l a t i o n  f o r  
v i s i b l e  impact damage on t h e  specimen s u r f a c e .  The f i l l ed  symbols r e p r e s e n t  
test specimens i n  xhich c a t a s t r o p i c  f a i l u r e  occurred  due to  p r o j e c t i l e  imF.?t  
and t h e  open symbols r e p r e s e n t  specimens which may have i n c u r r e d  local damage 
b u t  d i d  no t  f a i l  c a t a s t r o p h i c a l l y .  
lowest s ta t ic  load which p r e c i p i t a t e d  c a t a s t r o p h i c  f a i l u r e  a t  a g i v e n  impact 
energy l e v e l  and is subsequent ly  called t h e  impact f a i l u r e  threshold.  
shown i n  f i g u r e  4 is t h e  r e s i d u a l  s t r e n g t h  of the  specimens which d i d  n o t  f a i l  
c a t a s t r o p h i c a l l y  upon impact. For  most test specimens the r e s i d u a l  strength 
exceeded t h e  impact f a i l u r e  threshold which i n d i c a t e s  t h a t  t h i s  t h r e s h o l d  could  
be cons idered  a r easonab le  estimate of the r e s i d u a l  s t r e n g t h  for pane l s  damaged 
by impact. The lowest p r o j e c t i l e  k i n e t i c  energy a t  which s u r f a c e - f i b e r  f a i l u r e  
can  be detected v i s u a l l y  is called the  visible-damage t h r e s h o l d  and is also 
i n d i c a t e d  i n  f i g u r e  4. 
l e v e l s  below tha t  which causes  v i s i b l e  damage can  i n i t i a t e  c a t a s t r o p h i c  f a i l u r e s  
i n  loaded composite s t r u c t u r e s .  A t  impact energy l e v e l s  greater than  t h a t  which 
causes  v i s i b l e  damage there is very  l i t t l e  change i n  t h e  impact  f a i l u r e  thresh-  
o l d  for  t h i s  test lamina te .  

The o r d i n a t e  
P a p p l i e d  t o  t h e  specimen p r i o r  to  impact d iv ided  by t h e  

The curve  shown i n  f i g u r e  4 r e p r e s e n t s  the 

AI-)  

These data i n d i c a t e  t h a t  p r o j e c t i l e  impacts  a t  energy 

The data shown i n  f i g u r e  4 are t y p i c a l  of those  for :11  l amina te s  eva lua ted  
i n  t h i s  i n v e s t i g a t i o n  a l though t h e  f a i l u r e - t h r e s h o l d  c u r l  xi were somewhat d i f -  
f e r e n t  for t h e  d i f f e r e n t  lamina tes .  Fa i lure- threshold  cu rves  for a l l  test lami- 
n a t e s  are compared i n  figu-2 5. Basic test data used t o  o b t a i n  t h e  f a i l u r e -  
t h re sho ld  cu rves  of f i g u r e  5 are g iven  i n  f i g u r e  6. 

The f a i l u r e - t h r e s h o l d  cu rves  f o r  similar l amina te s  are g iven  together i n  
f i g u r e  5 for comparison purpose3. Also shown for comparison i n  f i g u r e s  5 ( a )  
and 5 ( b )  is t h e  cu rve  from f i g u r e  4 for t h e  [0 /90 ] s  graphi te /epoxy lamina te .  
A l l  data shown i n  f i g u r e s  5 ( a )  and 5 ( b )  are f o r  l amina te s  suppor ted  on 48-kg/m3 
Nomex2 honeycomb c o r e  while t h e  data shown i n  figures 5(c) and 5 ( d )  are  for 
l amina te s  suppor ted  on 130-kg/m3 aluminum honeycomb core. A l l  f a i l u r e - t h r e s h o l d  
cu rves  except  t h e  [90/*45/0]~ Kevlar  lamina te  apprcach a sympto t i c  v a l u e s  between 
40 to  50 percent  of the  undamaged u l t i m a t e  s t r e n g t h .  
cu rves  f o r  these l amina te s  also approached asymptot ic  v a l u e s  a t  r e l a t i v e l y  low 
v a l u e s  of p r o j e c t i l e  k i n e t i c  energy. The data i n d i c a t e  t h a t  t h e  d i f f e r e n c e  i n  
core s u b s t r a t e  d e n s i t y  has  l i t t l e  effect on impac t - in i t i a t ed  f a i l u r e s .  For  t h e  
graphi te /epoxy l amina te s  t h e  effect  of th i ckness ,  lamina o r i e n t a t i o n ,  or t h e  
inco rpora t ion  of Kevlar  has no a p p r e c i a b l e  effect on t h e  damage t o l e r a n c e  of 
these t e n s i l e - s t r e s s e d  lamina tes .  All of t h e  g raph i  te lepoxy dominated l amina te s  
had s i g n i f i c a n t  r e d u c t i o n s  i n  lamina te  s t rength.  

The f a i l u r e - t h r e s h o l d  

The [9O/i45/O]s Kevlar  lami- 

*Nomex: Trade name of  E. I. duPont de  Nemours h Co., Inc .  
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mte was t h e  mat damage t o l e r a n t  of a l l  laminates  tested i n  that  i t  had the  
largest increase  i n  load c a p a b i l i t y  over its graphi  te/epoxy counterpar t .  

Photographs of s e v e r a l  t y p i c a l  failed test specimens are shown i n  fig- 
u re  ?. 
s t r o p h i c a l l y  on impact. 
laminate  which s u s t a i m d  local damage at  t h e  impact s i te  and i n i t i a t e d  f a i l u r e  
which progressed outward i n  a well-defined straight l i n e .  Specimens which had 
angle-ply lamina i n  the laminate  ( f i g .  7(b) )  experienced not iceably  more delam- 
i n a t i o n  and fiber pull-out i n  failed panels.  

Figures  7 (a )  and 7(b)  are graphite/epoxy laminates  t h a t  failed cata- 
The specimen shown i n  f i g u r e  7 ( a )  is a (0/90ls 

Observation of f a i l u r e s  i n  the hybrid specimens fabricated from a combi- 
na t ion  of graphite/epoxy and Kevlar/epoxy ind ica t ed  t h a t  local f a i l u r e s  were 
accompanied by delamination at the i n t e r f a c e  between the  Kevlar and graphite.  
The s i z e  o f  the i n t e r f a c e  delaminat ions was dependent upon the  v e l o c i t y  of t h e  
impact projectile. 
u r e s  7(c) and 7(d) .  
when impact ocnwred .  
and associatjd fan-shaped delaminat ion pa t t e rns .  The v a r i a t i o n  of the  delamina- 
t i o n  size w i t h  energy ( v e l o c i t y )  sugges ts  t ha t  the  delamination may be associated 
wi th  dynamic-stress wave effects or local in t e r l amina r  shear f a i l u r e s .  Although 
t h i s  phenomenon may a l s o  occur i n  the  a l l -g raph i t e  lamina tes  it cannot be 
observed v i sua l ly .  

Typical  examples can be observed i n  the photographs of fig- 
Both specimens were loaded to  i3proximately P/P,lt = 0.50 
Both specimens had local f ibe r  f a i l u r e s  ir. the ou te r  p ly  

The s p e c i f i c  strengths of  a l l  test laminates  i n  t h e  undamaged condi t ion  are 
shown i n  f i g u r e  8 es a funct ion  of specific modulus. Also shown i n  f i g u r e  8 are 
t h e  asymptotic fa i lure- threshold  va lues  for  the  test laminates  along with the  
t e n s i l e  u l t ima te  strength of  2024-T3 aluminum. The s p e c i f i c  moduli shown i n  t h e  
f i g u r e  are ca l cu la t ed  va lues  based on the material p r o p e r t i e s  shown i n  table I. 
The s i g n i f i c a n t  reduct ion  i n  strength due t o  impact, which was shown in previous  
f igu res ,  is also evldent  i n  t h i s  f i gu re .  These data i n d i c a t e  that ,  based on the 
failure threshold,  a l l  test laminates  have a specific t e n s i l e  s t re . lg th  equal  to 
or greater than 2024-T3 aluminum. Indicated i n  the  f i g u r e  for  re ference  purposes 
are l i n e s  of cons tan t  s t r a i n .  On a s t r a i n  basis, a l l  f i lament-control led graph- 
ite laminates  ( i .e. ,  laminates  w i t h  O0 graph i t e  lamina) f a i l  a t  an undamaged 
ultimate s t r a i n  near  0.011. 
straifis between 0.004 and 0.006. The two Kevlar laminates  tested were al:o 
f i lament  con t ro l l ed  and failed a t  an undamaged ult.imate s t r a i n  of 0.018. 
same laminates  f a i l e d  due t o  impact damage a t  s t r a i n s  near  0.011. These dcrta 
i nd ica t e  t h a t  for f i lament-control led laminates  loaded i n  t ens ion  s t r a i n  is a 
good ind ica to r  of laminate  performance, both i n  the undamaged as well a s  t h e  
damaged condi t ion .  

These same laminates  f a i l  due t o  impact damage a t  

These 

Compression-Loaded Laminates 

The effect of low-velocity impact on t h e  compression s t r e n g t h  of [0/90ls 
graphitelepoxy test specimens is shown in  figure 9. The absc i s sa  and o rd ina te  
of  t h i s  f i g u r e  a r e  t h e  same as those used in previous f i g u r e s  f o r  t h e  tension-  
loaded laminates .  These data  ind ica t e  tha t  the compression-loaded l a m h a t e s  
exhib i ted  the  same basic cha rac t e r  a s  t h e  tension-loaded lamina tes .  T h i s  
behavior was not expected because most common ma te r i a l s  used  fo r  t h e  f a b r i c a t i o n  
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of  aerospace s t r u c t u r e s  do no t  e x h i b i t  uns tab le  crack propagation under compres- 
s ion  loading. 
l e v e l s  below t h e  v i s i b l e  damage threshold is capable o f  i n i t i a t i n g  catastrophic 
f a i l u r e s  i n  compression-loaded laminates.  
for t h i s  compression-damaged laminate  does no t  reach an  asymptotic va lue  as 
rap id ly  as the  tens ion  threshold curves.  

It is also of i n t e r e s t  to  note  t ha t  p r o j e c t i l e  impact a t  energy 

The impact-fai lure- threshold curve 

A l l  laminates  evaluated i n  t h i s  i n v e s t i g a t i o n  under compression loading 
exhibi ted t h e  same basic behavior as the  da ta  shown i n  f i g u r e  9 although t h e  
impact-failure-threshold curves were sobewhat d i f f e r e n t  for the  d i f f e r e n t  lami-  
na tes .  Fai lure- threshold curves for a l l  compression test lamina tes  are shown 
i n  f i g u r e  10 f o r  comparison purposes. Test da ta  similar to  t h a t  shown i n  fig- 
ure  9 were used to obta in  the fa i lure- threshold  curves and these data  are given 
i n  f i g u r e  11. The data of f i g u r e  10 i n d i c a t e  t h a t  t h e  hybrid laminate  does 
s i g n i f i c a n t l y  improve t h e  damage to l e rance  when compared to the  all-graphite 
[0/901 s laminete.  
Kevlar has a very low compression strength. Close examination of the f a i l u r e  
su r face  i n d i c a t e s  t h a t  impact precipitates a t r ansve r se  shear-type f a i l u r e  i n  
compression-loaded graphite laminates  similar to t h a t  shown i n  sketch (a). 
Transverse shear f a i l u r e s  i n  t h e  graphi te  lamina of a hybrid specimen are 
suppressed by the o u t e r  p l i e s  of the Kevlar r e s u l t i n g  i n  improved impact 
performance. 

This improvement was not  a n t i c i p a t e d  p a r t i c u l a r l y  s i n c e  

/- 
Sketch (a)  

The f a i l u r e  modes i n  compression were similar t o  those  observed i n  tens ion .  
The [O/gOls laminate  compression failure, for example, was near ly  i d e n t i c a l  to  
t h e  t e n s i l e  f a i l u r e  shown i n  f i g u r e  7 ( a )  except there was some Itbroomingw which 
probaby occurred a f te r  the f a i l u r e  surface closed. 
heavi ly  loaded  laminates ,  had large chunks of material broken o u t  of  t h e  speci- 
men a t  f a i l u r e .  One such spec€men is shown i n  f i g u r e  12. 

Severa l  of the th icker ,  

The v a r i a t i o n s  of specific strength with specific modulus of  a l l  
compression-loaded laminates  tested are compared i n  f i g u r e  13 on t h e  same basis 
as t h e  t e n s i l e  data shown previously i n  f i g u r e  8.  These data ( f ig .  13) i n d i c a t e  
t h a t  based on the failure threshold seve ra l  of the test laminates  have a lower 
specific compression s t r e n g t h  than 2024-T3 aluminum. Some laminates  failed a t  
s t r a i n s  below 0.004 which i n d i c a t e s  t h a t  the degradat ion by impact i n  
compression-loaded laminates  is more severe  than i n  tension-loaded laminates .  

CONCLUSIONS 

An experimental  program evaluated t h e  effect of impact on t h e  t e n s i l e  and 
compressive strengths of seve ra l  graphi  te/epoxy ana Kevlar 49/epoxy laminates .  
From t h e  r e s u l t s  of  t h i s  i nves t iga t ion  t h e  fol lowing conclusions can be drawn: 



1. Projectile impacts a t  energy l e v e l s  below the visible-damage threshold 
initiated c a t a s t r o p h i c  f a i l u r e  in a l l  test laminates  loaded in either tens ion  or 
compression. 

2. Degradation in s t r e n g t h  due t o  impact was more severe  i n  some laminates 
loaded i n  compression than the same laminates loaded i n  tension.  

3. The res idua l  strength of specimens w i t h  local damage, i n  most cases 
exceeded the impact failure threshold ,  which i n d i c a t e s  t ha t  t h i s  th reshold  could 
be considered a reasonable  estimate of the residual strength f o r  panels  damaged 
by impact. 

4. The consis tency of t he  ultimate strain values  for f i lament-control led 
laminates  loaded in tens ion  i n d i c a t e s  that laminate s t r a i n  is a good i n d i c a t o r  
of laminate s t r eng th  in the undamaged as well as the  damaged condi'ion. 

5. The use of  o t h e r  materials such as Kevlar 49 to form graphite hybr ids  
did not improve the impact r e s i s t a n c e  of  laminates  loaded in tens ion;  however, 
there was improvement i n  some laminates  loaded in compression. 

Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
August 15, 1978 
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TABLE I.- ELASTIC PROPERTIES OF LAMINA 

Material 

Modulus, GPa 
c 

2 Major 
Ply Densi ty ,  
cm d i r e c t i o n ,  t o  fiber, G~~ rat i o  ~ m 3  

th ickness ,  In  fiber Transverse Shear, Poisson 

E l  1 E22 

Graphite tape 
181-style balanced 

graphite fabric 
Kevlar tape 
120-style balanced 

Kevlar fabric 
181-style balanced 

Kevlar fabric 

0.0140 
.0356 

.0140 

.0114 

.0229 

6.4 
4.5 

2.1 
2.1 

2.1 

8 

0.38 1520 
.10 1520 

.34 1380 

. i o  1380 

.IO 1380 

62.7 

75.8 
31 .o 

31 .O 

62.7 

5 -5  
31 .O 

31 .O 

Graphi te  tape 
181-style balanced 

graphite fabric 
Kevlar tape 

0.0140 131 .O 13 .o 6.4 0.38 1523 
.0356 62.7 62.7 4.5 .IO 1520 

.0140 75.8 5 -5  2.1 .34 1380 



TABLE 11.- TEST SPECIMENS 

Specimen 1 
5 

6 

7 

8 

9 

10 

11 

~~~- ~ 

Face-shee t material 

Graph i t e  t a p e  

181-style g r a p h i t e  fabric 

Kevlar t a p e  

Hybrid 

Hybrid 

Hybrid 

Graph i t e  t a p e  

Graph i t e  t a p e  

Kevlar t a p e  

Graph i t e  fabric and t a p e  

Graph i t e  t a p e  

Lamina o r i e n t a t i o n  Honeycomb 
i n  test area 

f 

130-kg/m3 aluminum 

aG - Graph i t e  t a p e  
GB - 181-style  g r a p h i t e  fabric 
K - Kevlar t a p e  
KA = 120-style  Kevlar fabric 
KB - 181-style Kevlar fabric 

9 









0 

0 .e 
v) 

P 

2! 
5 

v) 

W 
v- 

0 

0 

+J 



I 

I 

I 

I 
I 

9 
c3 

‘cf 
N 

9 
N 

u! 
c 

9 
c 

In 

14 



0 

15 



s 

9 m 

u! 
cu 

9 cu 

u! 
c 

3 
r 

Y 

3 

al 

c, 
0 
al 

- 
c 
c 

3 a. 
cc 
0 

8 
t 

z z 

L 

al 
V 
c, 
c 

f 
0 

1 
P 
8 
5 
& 

c 
3 
rl 
(D 

m 

Y s 
I 
0 rn 
c 

8 
99 
98 
Y 
(D c 
rl 9 
i? 

3 

0 
3 

8 
Y 
4 c 

n u 
Y 

16 



0) 
Q 
Q 
Y 

0)  
c, 

t 
0. 
m L 
m 

.c 

v) 
c1 

0 

\o 
+I 

0' 

I 
I 
I 
I 

Y 

c, 
1 
P 

0 
\ n 

3 

a4 

c, 
V 
a4 
'T) 

a 
Y- 
O 

.) 

c 
r 

e 

3 
t 
L 

a4 
V 

c, 
a4 c 
Y 

.r 

r 

17 



. o x  

18 



.C an 
k? 8 8  

. O x  

x 

0 
X 

x 

X 

*. 

0 

I 
'9 

0 
C 0 
b 

I 

s 0 

. 
u 8 

m '. 
\o 



.c in 
m o o )  

L L L O C  

@ O x  

0 

20 



x o  

0 

1 I I 
0 

P a 
n 
n \ 

0 
N 

u) - .  
7 

0 
- r _  

-In 

21 



. O x  0 
(u 

ln - 

0 
c 

v! 

0 

22 



a o x  

x 

I I 
s N 

0 
c 

0 
rr) 

tn 
N 

0 
N 

v) 

P 

0 
c 

m 

0 

i 
I c 
4 
U 

5 
'. 
u 

23 



@ O x  

0 

0 
I I 

(v 0 

:I 
0 
N 

- .  - v) 

0 
c 

- m  

X j0 
0 

3 

al 

c, 
V 
9) 

.) 

c 
-t- 

'e" 
n 
ct 
0 

3 
L 

0, 

V 

c, aJ c 
Y 

-r 

v 

24 



w L "  

I ... - I 
d 

1: 
0 1 -  m 

25 



.OK 

0 
X 

Y 

0 

c 

Y 
cw 

0 
N 

m 
c 

0 
F 

m 

0 

26 



X 

27 





0 0  O a d r t a ~  0 0  

\ 
s c 
3 
c a 
m 
b- 

e 
IN 
0 
(u 

0 h 

0 



I I 
0 "? d 

c 

c, 
3 
P 

a. 
\ a. 

30 



' I  I I 

I t  
I 

I 
I 

I 

I 

I 
I 

I 
I 

I 
I 

0 



I 
I 
I 

1 
1 

1 
I 
I 
I 

I 
I 
I 

32 



33 



X 

X 

0 

I 

34 



.c 
c, 
m 
E 

Y 
!! 

0 . O x  

X I  

0 

X I  0 

0 

"9 0 
c 

(v '9 s 

vi 
m 

9 
m 

vi 
(u 

0 
N 

In 
F 

3 
c 

vi 

0 

35 



X 

X 

0 

0 

vi 
(* 

9 
cr) 

v) 

N 

9 
N 

vi 
P 

0 
P 

vi 

i 
8 
4 

6 
'. 

P 
P 

; 
P 
a 4 

36 



X 

0 

0 

x 

0 x 

v) 

m 

9 
0 

Y 
N 

0 

hl 

v) 

P 

9 
F 

In 

0 

c1 
c a a -.. a 

37 



. O x  

I 

38 





\. 
a \ 

0 f-- 

0 
W 

0 
In 

0 
W 

4 

0 
N 

2 

0 

40 


